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Abstract: A three-dimensional finite element program for thermal analysis of hydration heat in 
concrete structures with a plastic pipe cooling system is introduced in this paper. The program was 
applied to simulation of the temperature and stress field of the Cao’e Sluice during the 
construction period. From the calculated results, we can find that the temperature and stress of 
concrete cooled with plastic pipes are much lower than those of concrete without pipes. Moreover, 
plastic pipes could not be corroded by seawater. That is to say, a good effect of temperature control 
and cracking prevention can be achieved, which provides a useful reference for other similar 
nearshore concrete projects.    
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1 Introduction 
Due to its versatility and acceptability, steel-reinforced concrete is one of the most 
common materials for construction; the embedded steel is protected from corrosion by concrete. 
But the hydration heat results in tensile stress in cement paste due to restraint from the 
aggregates, which may induce micro-cracking or macro-cracking (Bordas et al. 2008; Rabczuk 
et al. 2008) and lead to steel corrosion when concrete is subjected to seawater because chlorine 
in seawater destroys the corrosion-inhibitive properties of non-buffered alkalis (Vassie 1984; 
Al-Gahtani and Maslehuddin 2002; Ahmad 2003). The volume of steel corrosion products is 
two to four times of the original steel. The subsequent stress evolution may lead to the 
enlargement of concrete cracks, even structure failure. There are many examples of reinforced 
concrete structures that cannot remain durable in seawater for 30 years and more. To solve this 
problem, cooling plastic pipes are used to lower the temperature rise and to prevent cracking, 
because plastic pipes cannot be corroded by seawater and their prices are very cheap (Hedlund 
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and Groth 1998; Li 2000; Liu et al. 2009; Deng and Murakawa 2006). This paper provides an 
introduction of a three-dimensional finite element program for thermal analysis of hydration 
heat in concrete structures with a plastic pipe cooling system, for analysis and design of 
hydraulic, coastal, and offshore engineering. The purposes of this study were to summarize 
the cooling results for the Cao’e Sluice and to validate the effect of plastic pipe cooling. 
2 Finite element formulation 
2.1 Equilibrium equation of heat transfer 
A mass concrete structure that generates internal heat due to hydration can be subjected to 
various boundary conditions. Eq. (1) and the following boundary conditions govern the spatial- 
temporal variation of temperature (del Coz Diaz et al. 2008; Yaghi et al. 2006; Zhu 1998): 
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When t = 0, 
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where T is the transient temperature;  is the initial temperature; t is time; 0T xO , yO , and zO
are, respectively, the thermal conductivities in the x, y, and z directions; and T  is the adiabatic 
temperature rise of concrete. 
For boundary condition C1, the temperature bT  is known. This is a specified temperature 
condition, such as a constant source of heat: 
 bT T t                                  (3) 
For boundary condition C2, the adiabatic condition is satisfied, which means that the heat 
flux is equal to zero through the boundary: 
0T
n
w  w                                   (4) 
where n is the outer normal direction of the boundary. 
For boundary condition C3, the heat flux generated by atmosphere and cooling water 
convection is represented as 
 cx x y y z zT T Tl l l Tx y zO O O E T
w w w    w w w                    (5) 
where E  is the coefficient of heat convection for the atmosphere or cooling water,  is the 
concrete temperature on the convection boundary surface, and 
cT
xl , yl , and zl  are the direction 
cosines of the outer normal of the boundary. 
The heat transfer problem can be solved using the three-dimensional finite element 
method. The equation for the method is (Zhu 1998) 
1
1 1 0m m m
m mt t

§ ·
1  ¨ ¸' '© ¹
H R T RT F                    (6) 
where H is the matrix of heat conductivity,  is the added matrix for heat conductivity, R 1mF
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is the total heat flux vector for internal hydration heat and heat convection at time ,
and  are the temperature matrices at time  and 
1mt  mT
1mT mt 1mt  , respectively, and the time 
interval between them is mt' .
Therefore, if the temperature at time  is known, then the temperature at time  can 
be calculated with Eq. (6). When  is known, the temperature at any time can be calculated. 
mt 1mt 
0T
2.2 Formulation of internal flow 
The variation of the concrete temperature induced by hydration heat is controlled by 
circulating the cooling water through plastic pipes embedded in concrete. The outlet 
temperature of cooling water is mostly higher than the inlet temperature when the hydration 
heat of concrete is absorbed by the cooling water. This phenomenon is called heat transfer 
through internal flow. To calculate the temperature distribution of cooling water along the pipe, 
the energy conservation principle was used, which means that the heat supplied to the pipe is 
equal to the heat absorbed by the flowing water. In general, the temperature increment of 
internal flow  is shown in Eq. (7) (Zhu and Xu 2003): wiT'
0
wi
w w w
dTT s
c q n
O
U *
 w
w'  ³³                           (7) 
Owhere is the thermal conductivity,  is the specific heat of water, wc wU  is the density of 
water,  is the inflow rate of water, s is the area along the cooling pipe, and is the 
boundary of pipe. 
wq
0*
If the temperature of water at the inlet is known, the unknown temperature of the cooling 
water along the pipe can be calculated with Eq. (7). 
2.3 Formulations of strain and stress 
In the numerical process for stress analysis, the strain was calculated first, and then the 
corresponding stress could be obtained. If the time interval > @0 ,t t  is subdivided into K steps, 
the strain increment k'H  at a typical step > @1,k kt t  1,2,k  ,
s
k
K
0
k
 can be expressed as 
e c T
k k k k' '  '  ' '  'H  H H HH H                      (8) 
where ek  is the elastic strain increment, 
c
k'H  is the creep strain increment, Tk'H 'H  is the 
thermal strain increment, sk'H  is the shrinkage strain increment, and 0k'H  is the autogenous 
deformation increment. 
After the strain increment is calculated, the corresponding stress increment k'V  can   
be obtained: 
 T s 0k k k k k k '   'D k  ''  'V H K HH H                     (9) 
 is the component of creep, and kD  is the elastic matrix of the kth time step, and where kK
 
  
1
k  D QkE  , where kE  is the transient elastic modulus, and 1 ,
k
k
k k
E
E
E C t
W
kW W  , where 
 1 2k kW W  kĲ  , and and 1kW  are the ages of concrete,  is the creep compliance, CkW
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and  has the following expression: Q
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where P  is Poisson’s ratio. 
The total stress at the moment of the kth step is 
1k k   ' kV V V                             (11) 
where 1k V  is the total stress at the (k–1)th step. 
3 Application of cooling pipe in Cao’e Sluice 
3.1 Background of Cao’e Sluice  
The estuary of the Qiantang River is a typical tidal estuary with a strong current and large 
tidal range that have caused serious damage to the sea dikes on both banks. The Cao’e Sluice, a 
hydraulic project constructed to solve this problem, is known as China’s first sluice of a tidal 
estuary for its large-scale and complicated conditions. 
The spread footing is a concrete structure placed on the rock foundation. A footing was 
cast once on December 1, 2005. After 20 days, a sluice pier was cast with two lifts and the 
heights of the two lifts were both 0.4 m. The geometrical layout is illustrated in Fig. 1. The 
layout of the pipe loop was located at the center the sluice pier. There were 12 layers of pipes in 
all, and the first layer of pipes was laid 0.2 m above the footing. The distance between each 
group of cooling pipes was 0.4 m. Feature points S1 through S4 are also shown in Fig. 1, in 
which S1 is the surface point and other points are located in the concrete. 
Fig. 1 Size of sluice and layout of feature points (unit: m) 
The footing and by using eight-node  pipe loop were modeled as shown in Fig. 2 
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isoperimetric solid elements. The dimension of rock was considered to be 45 m × 24 m × 6 m 
to simulate the effect of heat transferring from placed concrete to rock. As the temperature 
gradient of rock was smaller than that of the placed concrete, the mesh of the placed concrete 
was generated more finely than that of the rock. Hence, the total number of solids of the finite 
element mesh is 21719 and the total number of nodes is 26177. 
Fig. 2 FEM mesh for simulation 
3.2 Properties of materials
se curve of concrete is  1.211.2547.1 1 e Wu 
 temperature rise o
The adiabatic temperature ri ć , and the 
maxi
aterials
Material
Thermal conductivit y Heat transfer coefficient  
mum temperature rise was 47.1ć. Usually, the adiabatic f concrete is 
proposed in in-situ experiments. In this study, an inverse analysis was used. First, the initial 
parameters of the adiabatic temperature rise curve were set. Accordingly, the calculated 
temperature can be determined from Eq. (1). Then, we compared the obtained solution to the 
problem with the measured temperature taken from the ith thermocouple at time jt . If the 
obtained solution did not agree with the measured temperature, we looked for another set of 
parameters. Table 1 provides the thermal properties of rock, placed concrete, and plastic pipe. 
Mean values from the pipe cooling for about 5.5 days were used in the numerical analysis. The 
mean inlet temperature of cooling water was 16ć, the mean flow rate of cooling water was 
5.62 m3/h, and the velocity of cooling water was 0.8 m/s. 
Table 1 Thermal properties of m
y Specific heat Densit
(kJ/(m·h·ć)) (kJ/(kg·ć)) (kg/m3) (kJ/(m2·h·ć)) 
Rock 7.96 0.92 2 500 47.59 
C  oncrete 10.45 0.95 2 350 47.59 
Plastic pipe 12.57 0.67  910 208.00 
The concrete of the sluice pier was ed with 138.3 k ary Portland cement 
(CEM
 mix g/m3 of ordin
 I 42.5), 241.0 kg/m3 of milled slag, and 1308 kg/m3 of limestone aggregate, and the 
concrete has a water/cement ratio of 0.41. The 28-day split concrete tensile strength obtained 
by in situ tests was 3.72 MPa, with a safety factor of 1.65. That is, the allowed 28-day tensile 
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strength was 2.3 MPa. The creep compliance model is shown as follows: 
         c0.0051 e c0.300.45 0.45c c c, 5.693 1 9.20 1 12.87 1 1.70tC t t e tWW    tWª º u    u  ª  º¬ ¼ ¬ ¼ (12)
where is the age of concrete at the time of loading. 
sult
te element program, the construction process of the Cao’e 
Sluic
  
    
ct
3.3 Re s and discussion 
With the three-dimensional fini
e with no pipe cooling system and dynamically updated geometry of the FEM mesh were 
simulated, and the temperature and stress of the sluice pier were analyzed. Fig. 3 shows the 
temperature history of the feature points. The temperature increased due to the hydration heat 
(Song et al. 2006; Mo and Deng 1998), and reached its maximum value at about two days after 
casting. Because of the heat transferring from concrete to the outside air, the peak temperature 
was less than the sum of the initial temperature and the adiabatic hydration temperature rise. 
After two days, the block began to cool down, but still required a long time to reach the 
environmental temperature. The peak temperature occurred at point S4 because point S4 was 
located on the centerline of the section and was far away from the heat dispersing surface. 
Fig. 4 shows the variation of stress at the same points of the sluice pier. At first, a compression 
stress developed inside the block and a tensile stress developed on the surface; this is because 
concrete tended to expand due to the temperature rise, while the boundary conditions restricted
its expansion. The maximum compression stress also occurred at about one day after the sluice 
pier was cast. Compression stress decreased as expected because the block began to cool down. 
Finally, the compression stress changed to tensile stress and the tensile stress became 
increasingly large and exceeded the allowed tensile strength (2.3 MPa). Thus, cracks may have 
appeared. Cracks accelerate steel corrosion because steel is subjected directly to seawater, then, 
corrosion products cause the concrete to crack seriously, and the concrete structure may 
be damaged. 
Fig. 3 Temperature of feature points without pipe       Fig. 4 Stress of feature points without pipe 
 the 
hydra
The temperature histories of concrete with plastic pipe at the feature points due to
tion heat are presented in Fig. 5. The figure shows that the temperature of concrete with 
the pipe cooling system decreases more rapidly than the non-cooled concrete, and the peak 
temperature at the feature points with pipe is less than that without pipe. This trend is much 
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more apparent at point S3, which is at a location close to cooling pipe. In the cooled concrete, 
however, the stress did not reach the allowed tensile strength, 2.3 MPa, either before or after 
the stripping of forms (Fig. 6). The disconnection of the water after five days can be found for 
the cooled cases, but did not cause any increase in the risk of cracking. 
Fig. 5 Temperature of feature points with pipe     Fig. 6 Stress of feature points with pipe 
Fig  tensile 
stres
. 7 shows the possible critical zones at the longitudinal section. In general, the
s at interface corners and the footing area where cracks usually occur is more commonly 
than that in other areas, but the stress does not reach the allowed tensile strength. That is to say, 
the plastic pipe cooling system is applicable to preventing cracking. 
Fig. 7 Profile of concrete stress with plastic pipes at 30th day (unit: MPa) 
4 Conclusi
uter simulation of a sluice with and without cooling pipe system has 
been
 pipes, but 
plast
ons
A dynamic comp
 presented in this paper. The level of thermal stress in the construction was significantly 
improved by embedded cooling water. The following conclusions can be drawn:  
(1) In general, the cooling effect of steel pipes is better than that of plastic
ic pipes cannot be corroded by seawater and have the properties of good flexility and low 
price; therefore, they are usually used for temperature control. Results in this paper show that 
plastic pipes have the ability to reduce the temperature rise effectively, and that the maximum 
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ipes is larger than that with pipes, 
prev
nforcement corrosion in concrete structures, its monitoring and service life prediction: A 
Bord
del C
Den
Hed
Li,
Rab
Song
Zhu
temperature at all feature points of concrete without plastic pipes is 3.5ć higher than that at 
the same feature points of concrete embedded with pipes. 
(2) The thermal stress of concrete without plastic p
enting the Cao’e Sluice from cracking. Post-cooling of concrete with plastic pipes is 
applicable to cracking prevention in hydraulic, coastal, and offshore engineering. 
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